Methanopyrus kandleri is a hyperthermophilic methanogenic archaeon, which grows on H 2 and CO 2 as its sole energy source. Its growth temperature optimum is 98
Introduction
Methanopyrus kandleri is a hyperthermophilic archaeon growing optimally at 98
• C on H 2 and CO 2 with the formation of CH 4 [1, 2] . The organism, belonging to the Kingdom Euryarchaeota, is the most thermophilic methanogen known so far and based on 16 S rRNA sequence comparison is only distantly related to the other known methanogens [3] (see also [4] ). A characteristic feature of the organism is a relatively high intracellular concentration of cDPG (cyclic 2,3-diphosphoglycerate; >1 M) and potassium ions (>3 M) [1, 2] . M. kandleri lives in non-halophilic habitats and has to cope with the high difference in osmotic pressure, explaining why this organism has a thick, multilayered pseudomurein sacculus. It was shown that potassium cDPG and potassium phosphate are equivalent in activating and stabilizing the enzymes from M. kandleri [5] .
The pathway of CO 2 reduction to CH 4 in M. kandleri has been shown to be identical to that used in all other methanogens [6] [7] [8] [9] . Recently, crystal structures of five enzymes from M. kandleri have been solved: N-formylmethanofuran: tetrahydromethanopterin formyltransferase (hereon referred to as formyltransferase) [10] , N 5 ,N 10 -methenyltetrahydroKey words: methanogenic Archaea, crystal structure, halophilic enzyme, hyperthermophilic enzyme, monomer/dimer/tetramer association equilibrium, site-directed mutagenesis. Abbreviations used: cDPG, cyclic 2,3-diphosphoglycerate; formyltransferase, N-formylmethanofuran:tetrahydromethanopterin formyltransferase. 1 To whom correspondence should be addressed (e-mail shima@staff.uni-marburg.de).
methanopterin cyclohydrolase [11] , F 420 -dependent N 5 ,N 10 -methylenetetrahydromethanopterin dehydrogenase [12] , F 420 -dependent N 5 ,N 10 -methylenetetrahydromethanopterin reductase [13] and methyl-coenzyme M reductase [14] .
Properties
Formyltransferase catalyses the reversible formation of N 5 -formyltetrahydromethanopterin from N-formylmethanofuran and tetrahydromethanopterin ( G • , −4.4 kJ/mol) which is involved in CO 2 reduction to methane [15] . This reaction facilitated by formyltransferase is also involved in methanol disproportionation to methane and in autotrophic CO 2 fixation in sulphate-reducing Archaea and methanol oxidation to CO 2 in methylotrophic bacteria [16] .
The formyltransferases from all methanogenic and sulphate-reducing Archaea studied contain only one type of subunit, which has a molecular mass of approx. 35 kDa and does not contain any prosthetic groups [15, 17] . The enzyme shows a ternary complex catalytic mechanism. The genes encoding formyltransferase from several organisms have been cloned and sequenced. It was found that active enzymes can be heterologously overproduced in Escherichia coli [18, 19] .
Crystal structure
The heterologously produced enzyme has been crystallized and the structure has been solved to 1.73 Å resolution [10, 20] . The crystal structure reveals a homotetramer composed essentially of two dimers ( Figure 1 ). Each subunit is subdivided into two tightly associated lobes both consisting of a predominantly anti-parallel β-sheet flanked by α-helices forming an α/β sandwich structure. In spite of the fact that the secondary structure topology and the tertiary structure of smaller building blocks are already well known, the overall architecture is unique.
Structures of formyltransferase-substrate complexes have not been reported. However, analysis of the surface profile revealed sufficiently large, interconnected clefts which might be used as binding sites for substrates. One of the pockets is formed at the interface between the insertion region of subunit 1 and two helices of subunit 2. The adaptation of formyltransferase to high lyotropic salt concentration is structurally reflected by a large number of negatively charged residues and their high local concentration on the surface of the protein [10] .
Monomer/dimer/tetramer equilibrium
The crystal structure of the formyltransferase from M. kandleri has shown the enzyme to be composed of four identical subunits (Figure 1 ) [10] . However, gel electrophoresis of the native enzyme at low concentrations of lyotropic salts (<0.1 M) revealed the formyltransferase to be presented in a monomeric form [17] . In crystals, which were obtained at pH 7.0 in 0.3 M (NH 4 ) 2 SO 4 containing 22% poly(ethylene glycol) 8000, the formyltransferase was present in a tetrameric form. These differences prompted us to investigate the effect of increasing lyotropic salt concentrations on the quarternary structure.
In solution, formyltransferase was found to be in a monomer/dimer/tetramer equilibrium, the equilibrium constants being dependent on the concentrations of lyotropic salts, high concentrations favouring oligomerization (Figure 2A) . Evidence was provided that the monomer is both inactive and thermolabile [21] . The dimer of the protein seemed to be enzymically active, although the evidence for this was less conclusive because the monomer/dimer equilibrium overlapped too much with the dimer/tetramer equilibrium. Thus 
Mutation affecting dimer/tetramer equilibrium
The crystal structure reveals that subunits 1 and 2 and subunits 3 and 4 are much more tightly associated than subunits 1 and 4 and subunits 2 and 3 ( Figure 1 ) [10, 22] . This is in agreement with the finding that, at increasing salt concentration in the solutions, dimer formation from the monomer precedes tetramer formation from the dimer [21] .
The most pronounced polar interaction between the two dimers is provided by the ionic pair Arg-261/Glu-64 (Figure 1) [22] . If the ionic pair is removed, dimer-dimer interaction should be considerably weakened without affecting the monomer-monomer interaction. In order to verify this prediction, analytical ultracentrifugation (sedimentation equilibrium analysis) using the mutant enzyme R261E was performed and the results were compared with those for the wild-type enzyme [22] .
The results are shown in Figure 2 . At very low potassium phosphate concentrations, both the wild-type enzyme (Figure 2A ) and the mutant enzyme ( Figure 2B ) were mainly present in the monomeric state. At a salt concentration of 1.5 M, both of them were mainly in the tetrameric state. When the phosphate concentration was increased from low to high, the monomer concentration decreased owing to oligomer formation, with first the dimer and then the tetramer being formed. The wild-type and mutant enzymes differed, however, with respect to the phosphate concentration at which tetramerization was induced. In the case of the wild-type enzyme tetramerization started at a phosphate concentration of around 0.2 M, whereas in the case of the mutant enzyme it started only at a phosphate concentration of approx. 0.8 M. Thus the dimer-dimer interaction at a low phosphate concentration was significantly weakened by the R261E mutation. In addition, the dependence of oligomerization on phosphate concentration revealed that the R261E mutation had little or no effect on the monomer/dimer equilibrium.
Tetramerization-dependent thermostability
At a potassium phosphate concentration of 0.5 M (Figure 2) , both the wild-type and mutant enzymes showed considerable enzymic activity, corresponding to approx. 50% of its maximum value in spite of the fact that no tetramer was observed in the mutant enzyme. It is therefore clear that tetramerization is not a prerequisite for enzyme activity (Figure 3 ). This is in agreement with the interpretation of the crystal structure which suggests that the active site is formed at the monomer/monomer interface and does not involve the dimer-dimer interface [22] .
Thermostability of the enzymes was tested at salt concentrations inducing different oligomeric states on the wildtype and mutant enzymes. At potassium phosphate concentrations of 0.8 and 1.0 M the mutant enzyme was found to be much more thermolabile than the wild-type enzyme. Whereas the mutant enzyme lost more than 99% of its activity after incubation at 90
• C for 30 min, the wild-type enzyme retained more than 30% of its activity. In contrast, at 1.5 and 2.0 M potassium phosphate concentrations the thermostability difference between the wild-type and mutated enzyme was no longer apparent. Under the latter conditions, the two enzymes were both primarily in the tetrameric state, whereas at phosphate concentrations <0.8-1.0 M only the wild-type enzyme contained significant amounts of tetramer. From these findings it is concluded that tetramerization strongly contributes to the thermostabilization of formyltransferase from M. kandleri (Figure 3 ) [22] . The results support the view that one advantage of oligomer formation in proteins can be to increase thermostability [23] .
Comparison of formyltransferase structures
Recently, crystal structures of formyltransferase from the mesophilic Methanosarcina barkeri (optimum growth temperature 37
• C) and the hyperthermophilic Archaeoglobus fulgidus (83
• C) were solved to 1.9 and 2.0 Å resolutions, respectively [24] . Comparison of the structures with the M. kandleri enzyme revealed very similar folds. The most striking difference found was the negative surface charge, which was −32 for the M. kandleri enzyme, only −8 for the M. barkeri enzyme and −11 for the A. fulgidus enzyme. This difference most probably reflects the adaptation of the enzyme to different cytoplasmic concentrations of potassium and cDPG, which are relatively low in M. barkeri and A. fulgidus. The enzymes from M. barkeri and A. fulgidus already exhibited activity and stability at much lower concentrations of these strong salting out salts than the M. kandleri enzyme. Surprisingly, the enzyme from the mesophilic M. barkeri in 10 mM salt concentration was stable at high temperatures (T m approx. 75
• C). An explanation for this finding might be that the evolutionary origin of this enzyme was in a high-temperature environment.
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